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ABSTRACT
Aims. We construct the molecular mass function using the bivariate K-band-Mass Function (BMF) of the Herschel ? Reference Survey
(HRS), a volume-limited sample already widely studied at the entire electromagnetic spectrum.
Methods. The molecular mass function is derived from the K-band and the gas mass cumulative distribution using a copula method
described in detail in our previous papers (Andreani et al. 2014, 2018).
Results. The H2 mass is relatively strong correlated with the K-band luminosity because of the tight relation between the stellar
mass and the molecular gas mass within the sample with a scatter likely due to those galaxies which have lost their molecular content
because of environmental effects or because of a larger gas consumption due to past star formation processes. The derived H2MF
samples the molecular mass range from ∼ 4×106M to ∼1010M, and when compared with theoretical models, it agrees well with the
theoretical predictions at the lower end of the mass values, while at masses larger than 1010M the HRS sample may miss galaxies
with large content of molecular hydrogen and the outcomes are not conclusive. The value of the local density of the molecular gas
mass inferred from our analysis is ∼ 1.5 × 107MMpc−3, and it is compared with the results at larger redshifts, confirming the lack of
strong evolution of the molecular mass density between z=0 and z=4.
Conclusions. This is the first Molecular Mass Function derived on a complete sample in the local Universe, which can be used as a
reliable calibration at redshift z=0 for models aiming at predicting the evolution of the molecular mass density.
Key words. Galaxies: luminosity function, mass function – Galaxies: nearby galaxies – Galaxies: physical process – Methods: data
analysis – Methods: statistical
1. Introduction
Understanding galaxy formation and evolution is still at its in-
fancy and the complete picture that fully describes how galaxies
form and evolve into the structures is not yet fully outlined. One
way to address this issue is the careful comparison between the
predictions of theories (and simulations) with the observations.
The classical approach is the use of the statistical nature of the
galaxy properties and determine it over various sets of galaxy
populations (i.e. at different redshifts, types, environment, etc).
In many branches of Astronomy and Cosmology a very com-
mon tool used to investigate the statistical properties of a popula-
tion of objects is the luminosity and the mass function (e.g. John-
ston 2011). In the study of the physical processes that govern
galaxy formation and evolution, the stellar and gas mass func-
tions (MFs) in particular constitute one of the fundamental pil-
lars to constrain theories from observations.
Observationally galaxy evolution can be followed studying
the baryons (stars and gas) which are supposed to be associ-
? Herschel is an ESA space observatory with science instruments pro-
vided by European-led Principal Investigator consortia and with impor-
tant participation from NASA.
ated with the dark matter (DM) haloes. The gas cools and con-
denses within the haloes, until it produces an independent self-
gravitating unit which can form stars, heating and enriching the
rest of the gas, and perhaps even ejecting it from the halo (Mo et
al. 1998).
In this framework, both hydrodynamical simulations, semi-
analytical and empirical approaches add the baryonic component
to the DM in haloes, follow their evolution through a merger his-
tory including gas and star formation processes. These star for-
mation and feedback processes are not understood in detail (see
for reviews, Mo et al. 2010; Somerville & Dave 2015).
To tune these multi-parameter models their outcomes are
compared to the statistical properties of galaxies in the local Uni-
verse. As mentioned above, key constrains are the mass and lu-
minosity functions (LFs) (i.e. Dave et al. 2017; Lagos et al.
2016).
From the observational side, to compute these statistics, it is
necessary to build large samples of galaxies selected at various
wavelengths. The derived LFs and MFs contain some significant
uncertainties mainly due to the lack of either the imaging of large
fields, or the required multi-wavelength homogeneous coverage
and complete redshift information.
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Molecular gas and star formation rate
Observations widely point out that star formation (SF) occurs
within dusty molecular clouds (i.e. for reviews Solomon & van
den Bout 2005; Kennicutt & Evans 2012) and that the surface
density of the star formation rate (SFR) correlates with the sur-
face density of molecular hydrogen, H2, roughly following a lin-
ear relation, σ(SFR) ∝ σ(H2) (e.g. Bigiel et al. 2008; Schruba
et al. 2011).
The H2 content of galaxies has been most studied through
the emission from 12CO as a tracer. Measuring H2 mass re-
quires the definition of the CO-H2 conversion factor, XCO, to
convert from its observable tracer, CO, which is itself a func-
tion of metallicity (i.e. Bolatto et al. 2013) and stellar mass (i.e.
Dessauges et al. 2017).
Why a local molecular mass function?
Previous molecular MFs of nearby galaxies have been indirectly
derived from the CO luminosity distribution built also on as-
sumptions of its relation with other tracers. Keres et al. (2003)
used an incomplete CO sample based on a far-IR selection and
used the correlation of the CO with the 60µm luminosity. The
resulting CO MF is, therefore, biased towards gas rich galax-
ies. An updated estimate of the H2 mass function (hereafter
H2 MF), based on an empirical and variable CO-H2 conversion
factor, XCO, was presented by Obreschkow & Rawlings (2009).
Saintonge et al. (2017) and (Fletcher et al. 2020) have de-
rived a L′(CO) luminosity distribution from the COLD GASS
(CO legacy data base for the GASS survey, Saintonge et al.
(2011)). This survey, although biased towards massive galax-
ies (stellar mass, M? > a few 109M, Saintonge et al. (2011,
2017)), i.e. it might not sample a sufficiently large dynamic range
in M? to trace a fair distribution, is at present the only survey
with a large enough database to allow a fair reconstruction of
the L′(CO) luminosity distribution. However, this sample too is
not unbiased, because it is not blindly selected and its selection
from the SSDS survey is prone to many uncertainties due to un-
known/uncontrolled systematics.
The Herschel Reference Survey (HRS) is a Herschel guaran-
teed time key project, performing photometric observations with
the SPIRE cameras towards HRS galaxies (Boselli et al. 2010).
The survey selection criteria (magnitude- and volume-limited,
see § 2), size and multiwavelength coverage (from UV to radio
wavelengths both in spectroscopy and photometry) together with
the Herschel results in the far-IR, sensitive to dust mass down to
104M, have shown that the HRS can be considered as a ’refer-
ence’ sample to carry out statistical analysis in the local Universe
(Boselli et al. 2010; Andreani et al. 2014, 2018).
In this letter we compute and discuss the local molecular
mass function derived from the HRS sample. CO observations
are taken with single dishes and described in detail in other pa-
pers (Boselli et al. 2014a,b; Andreani et al. 2020). Our aim is
to infer the local molecular mass density on a more solid ground
which could be used as a reference to set limits to current models
predicting the evolution of the molecular mass with redshift.
The paper is organised as follows. The sample with the ad-
ditional observations carried out with the FOREST array at the
Nobeyama 45m antenna is briefly described in section 2. The
computation of the molecular mass function in section 3 and dis-
cussed in section 4.
2. The data
The HRS is a volume-limited sample (i.e., 15< D <25 Mpc) in-
cluding late-type galaxies (LTGs) (Sa and later) with 2MASS
K-band magnitude ≤12 mag and early-type galaxies (ETGs)
(S0a and earlier) with ≤ 8.7 mag. Additional selection criteria
are high Galactic latitude (b > +55◦) and low Galactic extinc-
tion (AB<0.2 mag, (Schlegel et al. 1998)). The sample includes
322 galaxies (260 LTGs and 62 ETGs), and the total volume over
an area of 3649 sq.deg. is 4539 Mpc3. The selection criteria are
fully described in Boselli et al. (2010).
This data set has been extensively used to investigate many as-
pects of the physics of the interstellar medium, their interaction
with the environment, and among others the stellar, dust, gas
mass functions, infrared luminosity function and the star forma-
tion function (Cortese et al. 2012a; Boselli et al. 2010; Ciesla
et al. 2014; Boselli et al. 2014a,b, 2015; Andreani et al. 2014,
2018).
We have recently investigated the HRS LFs and MFs using
the bivariate functions with respect to the K-band luminosity,
which is the band at which the sample is complete (Andreani
et al. 2014, 2018). We have employed an accurate statistical
method which makes use of the whole data sets including the up-
per limits. We have shown that the HRS samples galaxies down
to a few 108M? and thus has a dynamic range sufficiently wide
for an accurate determination of the H2 mass function.
We were able to construct the H2 MF of the HRS sample
from the bivariate K-band Luminosity-H2 mass function because
of the good correlation (correlation coefficient, ρ = 0.67) be-
tween the K-band luminosity and the H2 mass. Based on this
finding we could reconstruct from the bivariate function the an-
alytical form of the H2 mass function (see for detail Andreani et
al. 2014, 2018). Despite all the caveats described in the paper
(Andreani et al. 2018), the molecular mass function is the first
function built on a complete sample, although the completeness
is in the K-band.
In this work we improve our analysis of Andreani et al.
(2018) making use of additional observations of the CO(1-
0) fluxes towards those galaxies previously lacking this mea-
surement. Of the 323 galaxies 225 observations are reported in
Boselli et al. (2014a,b), 43 more have been targeted in January-
February 2018 and 2019 with the 45 m radio telescope of the
Nobeyama Radio Observatory (NRO)1. Observations will be
fully described, analysed and discussed in a paper in preparation
(Andreani et al. 2020).
Here we briefly outlined how the observations were taken.
We used the FOur-beam REceiver System (FOREST: Minami-
dami et al. (2016)) and employed the OTF mapping mode. The
observed area varied according to the optical size of the galaxies
from 2′′×2′′ to 4′′×4′′. The total time for the observations varied
between a couple of hours to 8 hours depending on the expected
CO line flux.
We used the 2 × 2 focal-plane dual-polarization sideband-
separating SIS mixer receiver for the single side band (SSB)
operation of FOREST, which provides eight intermediate fre-
quency (IF) paths (i.e., four beams × two polarizations) indepen-
dently. The backend was an FX-type correlator system, SAM45,
which consists of 16 arrays with 4096 spectral channels each.
The frequency coverage and the resolution for each array was
set to 2 GHz and 488.24 kHz, respectively, which gives a ve-
locity coverage and resolution of ∼10000 and 1.5 kms−1 at 115
GHz.
1 Nobeyama Radio Observatory is a branch of the National Astronom-
ical Observatory of Japan, National Institutes of Natural Sciences.
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At 115 GHz the half-power beam widths of the 45 m tele-
scope with FOREST were ∼ 14′′ and it degrades to ∼ 17′′ be-
cause of scanning effect. The system noise temperatures were
300–500 K during the observing runs.
In order to check the absolute pointing accuracy, every hour
we observed a pointing source, 3c273, rtvir, r-uma, rleo, using a
43 GHz band receiver.
The line intensity was calibrated by the chopper wheel
method, yielding an antenna temperature, T?A, corrected both at-
mospheric and antenna ohmic losses. The main beam brightness
temperature, Tmb was converted from T?A for each IF, by observ-
ing a standard source, the carbon star IRC+10216. The scaling
factors not only correct the main-beam efficiency (ηmb ) of the
45 m antenna but also compensate for the decrease in line inten-
sity due to the incompleteness of the image rejection for the SSB
receiver (e.g. Nakajima et al. 2013) ((see Sorai et al. 2019), for
more details).
The new observations refer to those objects with the lowest
value of the K-band luminosity and therefore allow us to sample
the lowest value of the molecular and stellar masses, down to
values of the mass function of ∼ 4× 106M. We make use of the
total 268 (225 from Boselli et al. (2014a) and 43 from Andreani
et al. (2020)) galaxies of which we have 183 detections and 85
upper limits to obtain and discuss the CO distribution function
and the molecular mass function derived from the CO(1-0) ob-
servations.
3. The CO(1-0) luminosity and the molecular mass
The construction of a mass function is very sensitive to the qual-
ity of the sample selection. In order to have as much as possible
homogeneity across different observations we have recomputed
the CO(1-0) line luminosities for all galaxies following Boselli
et al. (2014b).
In the HRS sample we expect that, because of the wide dy-
namic range in parameters (Boselli et al. 2012), the conversion
factor, XCO, changes significantly from massive, metal-rich qui-
escent to dwarf, metal poor galaxies and a constant XCO value
may underestimate the molecular content at stellar masses be-
low 1010M. We follow then Boselli et al. (2014b) and compute
the molecular mass and the molecular mass function twice, ap-
plying a constant and a luminosity dependent XCO conversion
factor.
The constant conversion factor is XCO = 2.3×1020cm−2/(K
km s−1) (αCO = 3.6 M/(K km s−1 pc2)). The
luminosity-dependent XCO: log XCO= -0.38 × log LH +
24.23[cm−2/(Kkms−1)], where LH are the H-band luminosities
available from 2MASS for all the HRS galaxies (Skrutskie et
al. 2006) (see for further detail Boselli et al. 2014b). We refer
hereafter to those values as M(H2)v and M(H2)c.
Following a procedure similar to that applied in previous
papers (Andreani et al. 2014, 2018) we compute the bivariate
function of the two values of the H2 mass and the K-band lu-
minosity using a copula method (see Hofert et al. 2018). The
difference here with respect to the previous computation is that
instead of the gaussianization of the data and the use of the Gaus-
sian copula, the best copula among a set of copula families was-
selected by means of a maximum-likelihood approach (Hofert et
al. 2018). In the present case, the best result is given by a rotated
Tawn type 2 copula (180 degrees).
The bivariate functions of the molecular masses and the K-
band luminosity are shown in Figure 1, for both cases, molecular
mass derived with a luminosity-dependent and with a constant
conversion factor, respectively. Both functions show a well de-
fined correlation between these two values, which reflects the
strong relation between the stellar mass and the molecular gas
mass of the HRS sample (Boselli et al. 2014b; Andreani et al.
2018).
The overall spread seen in Figure 1 may be due to a slightly
lower molecular mass content in HI-deficient galaxies (Boselli et
al. 2014c; Andreani et al. 2018). However, the dynamic range
and the overall spread are larger for the bivariate function derived
with a luminosity-dependent conversion factor. In this latter case
we assign a lower molecular content to those galaxies with a
larger K-band luminosity and a larger molecular gas content
to those with a lower K-band luminosity. The ratio between the
molecular gas to the stellar mass, M(H2)/M?, decreases when the
stellar mass increases as seen in the scaling relation in Boselli et
al. (2014b). This means that in the most massive galaxies the gas
was already transformed into stars while in the dwarf galaxies
this process has not yet stopped and therefore the gas content is
larger at lower stellar mass.
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Fig. 1. The bivariate functions of the molecular masses and the K-
band luminosity, with the molecular mass derived with a luminosity-
dependent conversion factor (left) and a constant (right) respectively.
The colour code refers to the correlation between the two variables (i.e.
larger for those lying in the pink region). The spread is larger for the
luminosity-dependent conversion factor. In this latter case galaxies with
larger K-band luminosity have a lower molecular mass content, while
those of lower K-band luminosity have a large molecular mass content
(see text).
Figure 2 displays the H2 MF derived from the BMF for the
two cases (constant and luminosity-dependent XCO in pink and
red respectively). The shown curves correspond to the Johnson
families used to infer the bivariate function (see detail in Vio et
al. 1994; Andreani et al. 2018). As widely explained in our
previous papers (Andreani et al. 2018) these derived functions
are the closest approximation to the analytical form of the cor-
responding mass functions. We could infer the values of these
latter functions down to the lower end of the MFs, i.e. to molec-
ular masses of ∼ 4 × 106M. The errorbars shown in Figure 2
were derived by extracting the H2 MF from the BMF computa-
tion allowing the variation of the input variables within their ob-
servation errorbars. Table 1 reports the average values in every
M(H2) mass bin of the H2 MF values of the functions extracted
from the bivariate computation for the two XCO cases (constant
and luminosity-dependent XCO).
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Fig. 2. The molecular mass functions derived in this work using the
parameters of the Bivariates K-band luminosity-H2 mass. The red refers
to the H2 MF derived for a luminosity dependent XCO factor, while the
pink curve to that derived for a constant XCO.The blue curves refer to
the models reported in Lagos et al. (2015), while the green curve to that
by Popping et al. (2014). The dark grey bars refer to the values of the
H2 MF by Fletcher et al. (2020), taken from their fiducial model.
We compare the molecular mass functions of the HRS sam-
ple with that obtained by Fletcher et al. (2020) for the COLD
GASS sample. This comparison must be taken with caution and
it is only indicative. In addition to the issues discussed in the
Introduction we lack the information about the galaxy proper-
ties to apply the luminosity dependent conversion factor between
L′(CO) and H2 equal to the one used in this work (Boselli et al.
2014b) and can be therefore strictly compared only to the curve
obtained with the M(H2)c values (pink curve in Figure 2).
The new CO(1-0) measurements allow to sample the molec-
ular mass function at a factor of ten deeper than that of COLD
GASS. The discrepancy shown at large mass values can be at-
tributed, on the one hand, to the XCO factor. But even in the
case of constant XCO the HRS H2 MF is lower at large masses
than the Fletcher et al. (2020)’s values. The HRS sample misses
galaxies with large molecular masses because its volume is too
small to contain a significant number of large mass galaxies
(Boselli et al. 2014b). Indeed, the number of galaxies with
M(H2)∼ 1010 M is only 5. The errorbars at M(H2)> 3×109 M
are corresponding large. Large errorbars are also assigned to the
higher end of the MF by Fletcher et al. (2020) and a fair com-
parison is difficult to make. At low masses the Fletcher et al.
(2020)’s curve shows the incompleteness already at M(H2)<
108M.
In Figure 2 we add the predictions of theoretical models, ei-
ther hydro-dynamical simulations (Lagos et al. 2015) and semi-
analytical (Popping et al. 2014). It is clear that the HRS sample
results put stringent constrains on the available models at the low
mass end. While both models by Lagos et al. (2015) agree with
the HRS measurements, that by Popping et al. (2014) seems to
predict many more low mass galaxies than seen in the local Uni-
verse. To note also is the discrepancy between the predictions
of Popping et al. (2014) and Lagos et al. (2015)’s models at
M(H2)> 6 × 109 M.
4. Discussion
The molecular mass function reported in Figure 2 is the first
function built on a complete sample, exploiting a bivariate anal-
ysis of the molecular gas mass and the K-band luminosity. Since
this latter mainly traces the star mass, the observed relation is
likely dominated by galaxies in which, where stars are located,
there is still molecular hydrogen. The scatter seen in Figure 1 is
very likely to be attributed to those galaxies where the molecular
hydrogen is deficient as observed in objects strongly influenced
by environmental effects and/or in massive galaxies where the
star formation activity is low (Boselli et al. 2014c; Andreani et
al. 2018).
The bivariate analysis allows us to derive a H2 MF of the
sample. The MF is compared with the predictions of semi-
analytical models (Lagos et al. 2015; Popping et al. 2014) and
shows a good agreement with Lagos et al. (2015)’s models and
a large discrepancy with Popping et al. (2014)’s one. The dis-
agreement at large molecular masses is only indicative because
of the lack of statistical significance in the number of objects in
the HRS sample in this mass range.
It is interesting to understand which insights can be derived
by comparing the results of this work with the theoretical pre-
dictions. Lagos et al. (2015)’s models are based on hydro-
dynamical simulations using two different prescriptions (GK11
and K13, respectively (see Lagos et al. 2015)) to convert neu-
tral to molecular Hydrogen. These prescriptions are function of
the metallicity (and therefore of the dust-to-gas ratio) and of the
radiation field assumed for the cold neutral medium.
In the GK11 case not all the resulting H2 gas is locked up in
star-forming regions and 20-40 percent may be present in form
of diffuse gas not associated with star-forming regions, a fraction
of which, however, does not depend strongly on the stellar mass.
In the K13 case the fraction of molecular gas locked up in star-
forming region is lower (up to 5-20 percent) and depends on the
stellar mass for low values of this latter. The theoretical predic-
tions resulting from the two recipes are both compatible with the
observations and the different physical processes implied by the
models may be at work in the ISM of the galaxies. Both models
are shown in Figure 2.
Popping et al. (2014) adopt a semi-analytical model with two
different approaches for calculating the molecular fraction of the
cold neutral gas in a galaxy. The first is based on an empiri-
cal recipe dependent on the gas pressure, while the second is the
same GK11 used by Lagos et al. (2015). The number of galaxies
at low and large H2 gas mass lies far above the observed number
densities. While the observational uncertainties at large masses
are quite significant and larger complete samples containing data
of massive galaxies need to be built before any conclusion can
be drawn, the disagreement at low masses is large. To our under-
standing, this is more to be ascribed to an overestimation of the
number of galaxies of any mass predicted by their model than to
the kind of prescription used to convert the gas into molecular.
We have also compared our results with those derived by
Fletcher et al. (2020) using the COLD GASS survey (Saintonge
et al. 2011, 2017). Strictly speaking this comparison is only in-
dicative because, as said above, the selection of the COLD GASS
sample is not unbiased and there might be caveats not easy to un-
derstand. Our estimation lies a factor of 5 above Fletcher et al.
(2020)’s at low masses (log(M(H2))<8.2) and lower of the same
factor at 9.5<log(M(H2))<10.
Finally we provide an estimate of the molecular mass den-
sity in the local Universe by integrating the functions shown in
Figure 2. We find a value (1.6 ± 0.6)107MMpc−3 and (1.5 ±
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Table 1. The H2 MF resulting from the bivariate and for the two chosen values of the XCO conversion factor
M(H2) H2 MFc H2 MFv
(log M) (# gal/Mpc−3/dex) (# gal/Mpc−3/dex)
6.5 -2.19 -2.36
6.75 -2.14 -2.14
7.0 -2.08 -2.02
7.25 -2.01 -1.96
-7.5 -1.92 -1.93
7.75 -1.85 -1.94
8.0 -1.85 -1.98
8.25 -1.96 -2.04
8.5 -2.17 -2.12
8.75 -2.42 -2.24
9.0 -2.68 -2.40
9.25 -2.94 -2.64
9.5 -3.20 -3.78
9.75 -3.46 -5.2
10.0 -3.62 -6.00
0.5)107MMpc−3 for our two estimated MFs with a constant
and a luminosity-dependent XCO, respectively. The values de-
rived from the HRS at z=0 for both M(H2)c and M(H2)v agree
within the errorbars and different by a factor of two with that of
Fletcher et al. (2020), despite the fact that the latter authors use
a XCO factor of αCO = 4.36 M/(K km s−1 pc2, a value 1.2 larger
than that used in this paper (αCO = 3.6) (Boselli et al. 2014b)
This result is placed in the Figure 3 where we have reported
those inferred from higher redshift surveys carried out with a
blind search in ALMA data cubes (Decarli et al. 2016; Riechers
et al. 2019; Decarli et al. 2019; Riechers et al. 2020). Strictly
speaking this graph allows only a qualitative comparison. The
conversion to molecular gas mass from the CO line luminosity
is highly dependent on various factors of which the dominant is
the metallicity (Bolatto et al. 2013) but even in the Local Uni-
verse also the environment plays a role (for instance, see Cicone
et al. 2018). The status of the interstellar medium and therefore
the properties of the CO-traced molecular gas at larger redshift
is highly uncertain and the assumptions made to infer a molec-
ular gas mass for the entire galaxy do not stand on solid ground
(see i.e. Papadopoulos et al. 2018). Beside the XCO conversion
factor, αCO = 3.6 M/(K km s−1 pc2 used in both ALMA surveys
(Decarli et al. 2016, 2019; Riechers et al. 2019, 2020), to infer
the CO(1-0) line luminosity Decarli et al. (2019); Riechers et
al. (2019) need to convert the observed values CO(2-1), CO(3-
2) CO(4-3) into the CO(1-0) making an assumption on the CO
SLED. The used template is that of a standard CO SLED of star
forming main sequence galaxies. Note that this latter argument
is not any longer valid for the values reported in Figure 3 in the
redshift range z = 2 − 3 by Riechers et al. (2020) who have
measured the CO(1-0) line emission with the VLA.
An additional source of uncertainties of difficult quantification
is the Cosmic variance associated to the small sky areas samples
by the ALMA surveys.
This means that the values of the molecular mass densities at
various redshift is highly uncertain. Within the (large) errorbars
the inferred values of the molecular mass density in the local
Universe does not different from the values derived in surveys
targeting higher redshift galaxies. There is no evidence at present
of a large evolution of the molecular gas from z=0 up to z ∼4.
redshift
109
108
107
Decarli et al 2019
Decarli et al 2016
Riechers et al 2019 and 2020Fletcher et al 2020This work
0 1 2 3 4
𝜌(H 2) (
M
◉
M
pc
-3
 )
Fig. 3. The evolution of the molecular gas density as a function of red-
shift. Data are taken from Decarli et al. (2016); Riechers et al. (2019);
Decarli et al. (2019); Fletcher et al. (2020); Riechers et al. (2020). The
value from this work is shown in red.
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